lying surface-water bodies are central to understanding contaminant attenuation and biogeochemical cycles. The laminar flow regime in unconsolidated surficial aquifers creates narrow reaction zones. Studying these reaction zones requires fine-scale sampling of water together with adjacent sediment in a manner that preserves in situ redox conditions.
A variety of devices have been developed to prevent core samples from sliding out the bottom of core samplers. Plastic or metal core catchers are the most common method of retaining cores taken in unconsolidated materials and are readily available for standard coring equipment. The disadvantage to these core catchers is that they do not retain fluids in the core when sampling coarse, noncohesive sediments, resulting in fluid redistribution or loss as the cores are retracted from the borehole. Several innovative devices have been invented to minimize fluid redistribution in core samples. These devices use different techniques to retain fluid and sediment in core sleeves, such as maintaining a vacuum above the sample (Munch and Killey, 1985; Starr and Ingleton, 1992; Zapico et al., 1987) , inflating a bladder at the base of the sample (McElwee et al., 1991) , moving steel fingers at the base of sample (McElwee et al., 1991) , freezing an entire core in place (Johnson et al., 2013; Kiaalhosseini et al., 2016; Pachur et al., 1984; Shapiro, 1958) , and freezing the base of a sample (Bianchin et al., 2015; Durnford et al., 1991; Murphy and Herkelrath, 1996; van Geen, 2017) .
Core Ideas
• A direct-push freezing core barrel (DPFCB) was developed and field tested.
• The DPFCB is suitable for sampling in coarse, unconsolidated sediments.
• The DPFCB freezes a 10-to 15-cm plug that retains fluid and sediment in core sleeves. • The DPFCB is interchangeable with unsaturated zone sampling tool strings.
The freezing drive shoe described by Murphy and Herkelrath (1996) has been used to collect core samples used in dozens of publications about fine-scale processes associated with contaminant fate and transport. Cores collected with this device have been the basis for studies that documented benzene biodegradation coupled to iron reduction (Anderson et al., 1998; Cozzarelli et al., 2001; Rooney-Varga et al., 1999) , microbially accelerated mineral weathering (Bennett et al., 2001; Rogers and Bennett, 2004; Rogers et al., 1998) , virus transport in groundwater (Pieper et al., 1997; Ryan et al., 2002) , centimeter-scale variations in aquifer microbial populations (Bekins et al., 1999) , microbial communities associated with geophysical signals (Beaver et al., 2016) , and arsenic cycling (Cozzarelli et al., 2016; Ziegler et al., 2017) . The Murphy and Herkelrath (1996) freezing drive shoe was initially developed for use with a hollow-stem auger drill rig and was recently adapted for collection of hyporheic sediments and adjacent pore water in areas with steep geochemical and microbial gradients (Bianchin et al., 2015) . Central to the conclusions made in several of these publications is the freezing drive shoe's ability to maintain (to the maximum degree possible during drilling operations) in situ distributions of sediment, pore-fluid, and microbial distributions without freezing the entire core section.
Since the Murphy and Herkelrath (1996) freezing drive shoe was developed, direct-push methods have become common for characterizing contaminated sites. Direct-push machines "push" tools and sensors into the ground without the use of drilling to remove soil or collect data. Direct-push machines rely on a small amount of static (vehicle) weight combined with rapid percussion to drive tool strings into the ground. Direct-push tools produce very few, if any, cuttings when tooling is advanced into the subsurface. Rather, soil is compressed or soil particles are rearranged to permit advancement of the tool string (Geoprobe Systems, 2018a) . The direct-push approach has several advantages compared with the hollow-stem auger drilling used for the Murphy and Herkelrath (1996) freezing drive shoe. For example, direct-push methods are generally less labor intensive, require a smaller drill rigs, and produce little to no drill cuttings that require proper disposal. The direct-push freezing core barrel (DPFCB) presented in this paper merges a successful sampling technology with the more efficient direct-push method.
The Murphy and Herkelrath (1996) freezing drive shoe and the DPFCB retain fluid, microbial, and sediment distributions by freezing the pore water in the bottom 8 to 15 cm (3-6 in) of the core. The interstitial ice created in the freezing process prevents fluid from flowing through the sediment. Friction between the icesediment plug and the plastic core liner also prevents the sediment and water from falling out of the core barrel liner (Murphy and Herkelrath, 1996) . Here we describe the design of the DPFCB and discuss its performance at a crude oil spill site near Bemidji, MN.
Site Description
The research site is ~16 km northwest of Bemidji, MN, in a pitted and dissected glacial outwash plain comprised of moderately calcareous, moderately to poorly sorted sandy gravel, gravelly sand, and sand with thin interbeds of silt (Franzi, 1988) . The water table ranges from near land surface to about 11 m below the surface (Essaid et al., 2011) . On 20 Aug. 1979, the land surface and shallow subsurface were contaminated when a crude-oil pipeline burst, spilling about 1,700,000 L (about 10,700 barrels) of crude oil onto glacial outwash deposits. The oil sprayed over an area of about 6500 m 2 and collected in a wetland and topographic depressions where crude oil infiltrated through the unsaturated zone to the water table, resulting in three subsurface oil bodies. After initial cleanup efforts were completed, ~400,000 L (~2600 barrels) of crude oil remained in the subsurface (Essaid et al., 2011) . The DPFCB was used to collect samples from clean and contaminated locations at this site.
Design
The DPFCB is compatible with the Geoprobe DT325 tool string. The DPFCB was constructed using a Geoprobe DT325 1.2-m (4.0-ft) sample sheath modified to allow for the circulation of a freezing agent. Other components attached directly to the DPFCB include injection stems, a modified liner retainer, and a modified drive head ( Fig. 1 and 2 ). Sediment cores are collected into PVC core liners that are 1.2 m (4.0 ft) long with an inner diameter of 5.0 cm (2.0 in) and a wall thickness of 0.13 cm (0.05 in). Liquid CO 2 was used as the freezing agent and was delivered to the base of the DPFCB through injection stems, which are lengths of stainless steel tubing with an outer diameter of 0.318 cm (0.125 in) and an inner diameter of 0.159 cm (0.063 in).
The lowermost CO 2 injection stem (closest to the DPFCB) is coiled loosely around the center rod ( Fig. 1 and 3) . The coils make the entire CO 2 injection stem assembly slightly elastic to accommodate the driving process. The injection stem assembly is pushed down below the drive cap (i.e., the coils are compressed) as the tool string is being driven. After the drive cap is removed, the injection stem assembly is pulled up (i.e., the coils are extended) so it protrudes above the top of the outer probe rods (Fig. 3, E) . Another injection stem or the liquid CO 2 supply line can then be connected to the protruding injection stem assembly (Fig. 3, E) . The coiled CO 2 injection stem on the DPFCB may also reduce the likelihood of damage to the compression fittings during the driving process. In the Murphy and Herkelrath (1996) freeze shoe design, the inclusion of elasticity in the injection stem was necessary to prevent the compression fittings between the injection stems from breaking during the core-driving process.
The remaining CO 2 injection stems above the DPFCB consist of stainless steel tubing, 1.2 m (4 ft) long with an outer diameter of 0.318 cm (0.125 in) and an inner diameter of 0.159 cm (0.063 in). The CO 2 injection stems are connected to each other with brass or stainless steel compression-type tube fittings ( Fig. 1 and 2 ). Successive injection stems are added as the tool string is pushed into the subsurface (described in detail in the "Operation" section). The CO 2 injection stems attach to the DPFCB inlet line with compression-type tube fittings. The DPFCB inlet line is stainless steel tubing of smaller diameter (0.236 cm [0.093 in] outer diameter, 0.109 cm [0.043 in] inner diameter) than the CO 2 injection stems ( Fig. 1 and 2 ). The smaller diameter ensures that the CO 2 remains liquid until it reaches the exit ports within the DPFCB (Fig. 2) .
The freezing process is similar to that of the wire line sample freezing drive shoe (Murphy and Herkelrath, 1996) . The DPFCB inlet line delivers the liquid CO 2 to several exit ports near the base of the interior of the DPFCB (Fig. 2 ). Liquid CO 2 that passes through the exit ports comes in contact with a PVC liner containing the core sample. At about -78°C (109°F), some of the liquid CO 2 evaporates, and some deposits as solid CO 2 (dry ice). As the liquid CO 2 evaporates and the dry ice sublimes, the resulting CO 2 gas passes up through the DPFCB through the narrow annulus between the PVC liner and the interior wall of the core barrel. The modified drive head, which connects the DPFCB to the center rods ( Fig. 1, C) , is machined to allow CO 2 gas to vent out through the center rod.
The design of the DPFCB prevents fluids in the sampling environment from entering the CO 2 circulation system ( Fig. 1  and 2 ). The compression fittings used to assemble the CO 2 injection stems are water tight. The modified liner retainer contains a nitrile rubber O-ring that forms a seal around the PVC liner ( Fig. 2) , which prevents water from entering the annulus between the PVC liner and the DPFCB from the bottom. The modified Fig. 1 . Primary components of the direct-push freezing core barrel (DPFCB) system and how they are assembled: the PVC liner is inserted into the modified liner retainer (A); the PVC liner is inserted and threaded into the DPFCB (B); the modified drive head is threaded onto the DPFCB (C); a center rod is threaded onto the modified drive head (D); the coiled CO 2 injection stem is threaded onto the DPFCB inlet line (E); and the assembled DPFCB is lowered into the outer probe rods (F). Injection stems and center rods are added until the modified liner retainer rests on the cutting shoe at the bottom of the borehole. drive head also contains an O-ring that prevents water from leaving the PVC liner and entering the annulus between the PVC liner and the DPFCB (Fig. 2) . The modified drive head contains holes that allow excess water to exit the PVC sample liner to the exterior of the DPFCB. The center rods, when threaded together with plumber's thread seal tape or O-rings, form a water tight seal. This construction ensures that the liquid CO 2 freezes the base of sediment inside the PVC liner and vents out the top of the DPFCB rather than clogging the CO 2 circulation system with ice.
Operation
The dual-tube sampling system used with the DPFCB uses two separate rod systems for sediment sampling. The system is effective for collecting continuous core samples from the unsaturated zone down into the saturated zone (Fig. 3) . The outer probe rods (outer diameter of 8.26 cm [3.25 in]) are advanced incrementally through the sediment profile. These rods receive the driving force from the percussion hammer and provide a sealed hole from which sediment samples may be recovered without the threat of cross contamination or hole collapse. A string of smaller-diameter center rods (outer diameter of 3.20 cm [1.25 in]) are attached to the sample sheath, which contains a PVC liner. This entire sampling assembly fits inside the outer probe rods. The smaller rods hold the sample sheath and liner in place as the outer casing is driven one sampling interval (1.2 m [4 ft]) at a time. The center rods are then retracted to retrieve the filled PVC liner. For more detailed instructions on using the dual tube system, refer to the system description in Geoprobe Systems (2018b).
The dual-tube coring system can be used to collect a continuous sediment profile from land surface through the unsaturated zone and into the saturated zone (Fig. 3) . For core collection in the unsaturated zone, a standard drive head, standard liner retainer, and standard sample sheath containing a PVC liner with a built-in plastic core catcher are used (Fig. 3) (Geoprobe Systems, 2018b) . Unsaturated zone cores are successively collected from the same borehole by repeating the steps depicted in Fig. 3 , A and B. After the final unsaturated zone core section is removed from the borehole, the freezing core barrel assembly (modified drive head, DPFCB with PVC liner, and modified liner retainer with an O-ring [ Fig. 1] ) is threaded onto a center rod. The coiled CO 2 injection stem is attached to the DPFCB inlet line. This is lowered into the annulus of the outer probe rods. Then another 1.2-m (4-ft) center rod is added as well as another 1.2-m (4-ft) CO 2 injection 3 . The primary steps for collecting a sequence of cores in unsaturated to saturated sediments: a tool string, including a drive cap, standard drive head, outer probe rods, a standard sample sheath containing an empty PVC liner with a plastic core catcher, standard liner retainer, and a cutting shoe, are driven (from land surface downward such that the top of the outer probe rod ends up about at land surface) to collect a sediment core in the unsaturated zone (A); the standard sample sheath is retracted so the PVC liner containing the sediment (core) can be removed from the sample sheath (B) (Steps A and B are repeated until the top of the direct-push freezing core barrel [DPFCB] sample interval is reached); the DPFCB containing a liner is inserted into the outer probe rod that is already in the ground, and and a center rod section, the coiled CO 2 injection stem, an outer probe rod section, and drive caps are added to the tool string (C); the entire tool string is driven into the ground with a percussion hammer the length of the PVC liner (D); the drive caps are removed, the CO 2 injection stem is pulled up above the outer rods and connected to a liquid CO 2 cylinder, and the base of the sample is frozen (E); and the inner rod string and DPFCB are removed from the outer probe rods to retrieve the sediment core (F).
stem. Center rods and CO 2 injection stems are added until the modified liner retainer rests on the cutting shoe at the bottom of the borehole and the center rods and injection stems protrude about 1.2 m (4 ft) above ground surface. A 1.2-m (4-ft) section of outer probe rods is then threaded on. A drive cap is placed on top of the rods, and the direct-push rig is then used to push the entire assembly another 1.2 m (4 ft) into the ground.
After pushing the DPFCB 1.2 m (4 ft), the drive cap is removed from the rods, and the CO 2 injection stem is attached to a commercially available 22.7-kg (50-lb) cylinder of liquid CO 2 . It is essential that the cylinder have a siphon tube (also called a dip tube) so that CO 2 is dispensed through the injection system as a liquid rather than as a gas. For the trial runs, pressure in the cylinder was ~5500 kilopascals (800 lb per square inch). The valve on the cylinder of CO 2 was used to control the flow of CO 2 from the cylinder into the injection stems; a regulator was not used.
The cylinder valve is opened for 30 s and then turned off for 1 min. This on-and-off cycle is performed five or six times per core sample. Experience has proven this formula of valve opening and closing to be successful for the collection of cores at the Bemidji site. Opening the cylinder value for longer than 30 s tended to inject too much CO 2 into the system, resulting in the freezing of sediment in the surrounding porous medium to the outside of the core barrel. Opening the cylinder value for less than 30 s resulted in the lack of adequate freezing of sediments within the core barrel. This formula of valve opening and closing should be re-evaluated in a hydrogeologic environment that differs significantly from the glacial outwash sand-and-gravel at the Bemidji site. The freezing of one core requires ~2.7 kg (6 lb) of CO 2 . If the CO 2 circulation system is functioning properly, gas can be heard exiting the top of the center rods, and small flakes of ice are discharged from the top of the center rods. After the freezing is completed, the direct-push rig is used to lift the DPFCB, including the frozen sample, out of the borehole (Fig. 3, F) .
Results and Discussion
A truck-mounted Geoprobe 6600 and a skid-steer mounted Geoprobe 540B were used to test the DPPFCB at the Bemidji site. Dozens of core samples were collected during the design-testing phase to assess the functionality of the freezing process and circulation of the CO 2 through the system. Only after the DPFCB system reliably functioned were the field trials at the Bemidji site completed. A total of 10 core samples are described in this paper. For all cores, a 10-to 15-cm (4-6 in) frozen plug of sediment and pore fluids formed within the PVC liner (Fig. 4) . For all cores, the frozen plug held the pore fluid and sediment in the PVC liners without a core catcher (Fig. 4) for the time it took to pull the sample out of the hole, remove the PVC sleeve from the DPFCB, and cap the core. Fluids were not observed draining from the bottom of the cores despite the presence of mobile fluids in the cores above the frozen plug (Fig. 4) . Because the frozen plug kept fluids in place, the cores did not have to be laid horizontally to stop fluid from draining out the bottom as the core sample and liner were removed from the DPFCB. The maximum depth sampled was 10.7 m below land surface and about 2 m below the water table; two cores were successfully recovered from this depth.
Extra time is required to attach and detach each injection stem and to complete the freezing process for each 1.2-m core section in which the DPFCB system is used. This added time ranges between 10 and 20 min compared with using a standard core catcher on a direct-push rig. As described above, most of this extra time is for freezing the sample in the PVC liner. Because the DPFCB attaches to standard direct-push tool strings, the time required for collecting unsaturated zone samples is not affected by the use of the freezing core barrel.
The DPFCB system has advantages over conventional coring systems for investigations where continuous sediment profiles or discrete samples of the unsaturated and saturated zones are needed. For example, many studies that evaluated biogeochemistry at the Bemidji site (e.g., Beaver et al., 2016 ) required core samples from land surface through the upper 2 m of the saturated zone to a total depth of as much as 11 m. To collect a continuous 11-m core profile at the Bemidji site, core samplers typically have been pushed in 0.6-m (2-ft) increments through the unsaturated zone. Saturated zone cores are then collected with either a Murphy and Herkelrath (1996) freeze shoe or the DPFCB. This sampling process-0.6-m (2.0-ft) coring increments followed by a freeze shoe core-is the basis for the following discussion about the efficiencies of different coring approaches.
Three coring approaches have been used at the Bemidji site to accomplish the 11-m continuous profile core sampling previously described: (i) a hollow-stem rig only, (ii) a combination of direct-push and hollow-stem rigs, and (iii) a direct-push rig only. With the hollow-stem only approach, the coring was completed in 6 to 7 h. In this case, either a split-spoon sampler or a wire-line piston core sampler was used to core the unsaturated zone, and a Murphy and Herkelrath (1996) freeze shoe was used to core the saturated zone. It is time-consuming because the drilling rods had to be lifted in and out of the augers two times for each 0.6-m (2.0-ft) core increment. The same 11-m profile was cored in about 4 to 5 h using the second approach in which a direct-push rig was used to core the unsaturated zone and a hollow-stem auger rig was used to core the saturated zone. A dual-tube system (Geoprobe Systems, 2018b) or a Macrocore sampler (Geoprobe Systems, 2018c) was used with the directpush rig to core the unsaturated zone, and a Murphy and Herkelrath (1996) freezing drive shoe was used to core the saturated zone. With this approach, the 11-m profile was cored much faster than the hollow-stem only option, but it was more expensive because two rigs were mobilized to the site. The DPFCB enabled a third cost-effective approach in which a direct-push rig with dual-tube tooling (Geoprobe Systems, 2018b) was used for coring the entire unsaturatedand saturated-zone profile. The 11-m profile was cored in 3 to 4 h when standard dual-tube tooling was used for unsaturated zone cores and the DPFCB was used for saturated zone cores.
The core-length recoveries (in percent) in the sandy sediments at the Bemidji site were similar between the Murphy and Herkelrath (1996) freezing drive shoe and the DPFCB ( Fig. 5; Table 1 ). Both devices reliably froze sediments at the base of core samples. The DPFCB recoveries were slightly more variable than the Murphy and Herkelrath (1996) design. However, the median recovery for the DPFCB (81%) was slightly higher than the median recovery for the Murphy and Herkelrath [1996] design (75%).
The variability in core recoveries may have resulted from differences in drive length and from variations in sediment properties across the site. The DPFCB was only pushed 1.2 m (4 ft), whereas the Murphy and Herkelrath (1996) freeze shoe was pushed 2.1 m (7 ft), which may explain the generally higher percent recoveries from the DPFCB. Historical unsaturated zone coring data from the Bemidji site show that percent core recovery decreases as total drive length increases. For example, 18 0.6-m (2-ft) unsaturated zone cores collected with the Geoprobe DT325 system had a mean recovery of 80%, whereas seven unsaturated zone cores that were driven with the same system between 0.9 m (3 ft) and 1.2 m (4 ft) had a mean recovery of 69%. Furthermore, the sediments at the site vary between moderately to poorly sorted sandy gravel, gravelly sand, and sand with thin interbeds of silt (Franzi, 1988) . Coring during the last 5 yr with the Murphy and Herkelrath (1996) freezing drive shoe by the same drilling team has demonstrated that some specific areas of the site tend to produce cores with higher recoveries than other areas. The core recoveries presented in Fig. 5 and Table 1 were not paired by specific location at the site.
The Bianchin et al. (2015) and Murphy and Herkelrath (1996) freeze shoe core devices included a plunger or piston to keep water out of the core liner until the sample zone of interest was reached. The DPFCB is not compatible with such a device but has a few options for minimizing contamination of core samples with fluids from outside the sample interval of interest. First, the dual-tube system creates a cased borehole that greatly reduces the possibility of cross contamination from different depths in the saturated zone. Second, if the DPFCB is lowered through water prior to reaching Fig. 5 . Boxplot of core-length recoveries from the direct-push freezing core barrel and the Murphy and Herkelrath (1996) freeze shoe design at the Bemidji, MN, field site. the sample zone of interest, fluids pass through the PVC core sleeve and out the top of the modified drive head (Fig. 2) . The modified drive head water exit channels stay open during the entire pushing process, so that water in the DPFCB above the sample interval exits as the device is pushed into the sediments. Third, as the DPFCB is retracted from the borehole, the modified drive head ( Fig. 1 and 2) can include a check ball or other mechanism to prevent fluids from entering the PVC core sleeve from above.
One disadvantage of the current design of the DPFCB is that it can only be driven a maximum of 1.2 m (4 ft), whereas the Murphy and Herkelrath (1996) freezing drive shoe can be driven a maximum of 2.1 m (7 ft). The longer drive for the Murphy and Herkelrath (1996) freezing drive shoe design results in a longer section of intact sediment and pore fluids compared with the DPFCB. The median final core length from the DPFCB was 1.0 m (3.3 ft, 81% of 1.2 m) compared with a length of 1.6 m (5.2 ft) for the Murphy and Herkelrath (1996) freezing drive shoe.
The short drive length of the DPFCB can be overcome, in part, by collecting sequential cores from the same borehole. Sequential DPFCB cores were extracted from three boreholes at the Bemidji site. The first core in each case started ~0.3 m (1 ft) above the water table and was driven 0.9 m (3 ft) below the water table. In two of three boreholes, removal of the first sample below the water table caused some sediment to heave into the base of the outer rods so the modified liner retainer would not seat correctly on the drive shoe (Fig. 1) . In one of the boreholes, the heaved sediment was removed from the 8.3-cm (3.25-in)-diameter outer rods with a separate corer prior to sending down the DPFCB loaded with another PVC liner. Another option that could be used is to pull up the outer probe rods such that the heaved sediment no longer interferes with the placement of the modified liner retainer. Sediment did not heave into one of the boreholes after the removal of the first sample because water was poured into the annulus of the outer probe rods after the freezing process was complete and Table 1 . Location and recovery data for cores collected with the Murphy and Herkelrath (1996) freezing drive shoe and the direct-push freezing core barrel at a crude oil spill site near Bemidji, MN. Murphy and Herkelrath (1996) before the DPFCB was removed. However, the addition of water could contaminate the core sample and the surrounding sediments and thus may not be a viable option. Three additional options could be explored to compensate for the short sampling interval of the DPFCB, although these concepts were not tested at the Bemidji site. The first idea would use existing direct-push tooling options. The DPFCB system presented in this paper is compatible with the Geoprobe solid drive point system. A solid drive point would be used to push sediment out of the way until the desired sample interval is reached. The solid point would then be removed from the outer probe rods, and the DPFCB would be lowered in. If the solid point is removed very slowly to avoid drawing sediment into the outer rods, sediment heave would likely be less intrusive with this approach compared with sequential cores in saturated materials. Thus, the solid drive point method would enable sample collection for a specific sampling interval below the water table. The solid drive point would be compatible with the next two options as well.
The next two options include longer DPFCB designs. These ideas are proposed under the assumption that a longer DPFCB device would result in a longer section of retrieved core material. This assumption is supported by the data in Fig. 5 and Table 1 . The second option is that a 1.5-m (5-ft)-long DPFCB could be developed. The modified liner retainer, modified drive head, and injection stems presented in this paper would be compatible with this device. A 1.5-m (5-ft)-long DPFCB could be used in a 1.2-m (4-ft) tool string along with the following tools of special lengths required to "adapt" the entire tool string for a single 1.5-m (5-ft) core section: 0.3-m (1-ft) and 0.9-m (3-ft) sections of center rods and injection stems and a 0.9 m (3-ft) section of outer rods. Alternatively, a 1.5-m (5-ft)-long DPFCB would be compatible with standard 1.5-m (5-ft)-long DT325 tooling. In this case, 1.5-m-(5-ft)-long CO 2 injection stems would be required for the entire drive length. The third option is that a 2.4-m (8-ft)-long DPFCB could be designed for use with the 1.2-m (4-ft) tooling. A 2.4-m (8-ft) DPFCB would require two consecutive 1.2-m (4-ft) drives to collect a complete sample.
This study is an initial demonstration that pore fluids and sediments are retained by the DPFCB as core samples are retrieved from the subsurface. Detailed measurements of fluid saturations, sediment grain size distributions, and microbial distributions were not completed as part of the development of the DPFCB. However, publications resulting from the Murphy and Herkelrath (1996) freeze shoe design indicate that freezing the base of a core is a successful method for collecting samples with representative sediment, fluid, and microbial distributions (e.g., Beaver et al., 2016; Bekins et al., 1999; Cozzarelli et al., 2001 ). Other recently developed cryogenic coring devices (Johnson et al., 2013; Kiaalhosseini et al., 2016) were supported by very detailed measurements of fluid contents, geochemical distributions, or DNA distributions. Future sample collection efforts with the DPFCB could include detailed measurements to further document the functionality of the DPFCB method.
Cryogenic coring devices (Johnson et al., 2013; Kiaalhosseini et al., 2016) freeze the entire core in place before removing core samples from a borehole. This method is useful for understanding fluid and sediment distributions and characterizing the microbial community through DNA and RNA extraction techniques. However, freezing the entire core eliminates the possibility of performing laboratory incubations with native microbial communities. Freezing the entire core has also been shown to cause brine exclusion in sediment matrices, which adds uncertainty for interpreting fine-scale solute distributions (Toran et al., 2013) . Laboratory studies are important components of research at the Bemidji site, which makes the DPFCB a preferable tool, compared with devices that freeze the entire core, for most sampling efforts at the site. A side-by-side comparison between cryogenic core samplers and the DPFCB that includes field performance measures and detailed characterizations of core sample properties (as was done in Kiaalhosseini et al., 2016) would be a valuable resource for practitioners deciding which sampling methods are most appropriate for their field conditions and study objectives.
Conclusion
Freezing the base of sandy, noncohesive sediment cores prevents loss of sample material as well as redistribution of pore fluids and microbes, which enables detailed studies of contaminant attenuation and biogeochemical cycles. We developed and field-tested a freezing core barrel compatible with a commercially available direct-push coring system. The DPFCB device froze a 10-to 15-cm (4-to 6-in) plug of sediment at the base of 5.0-cm (2.0-in)-diameter core samples in 10 of 10 attempts. In each case, the frozen plug retained fluids and sediments in a PVC core sleeve without the use of a core catcher. Cores were driven in 1.2-m (4-ft) lengths, and multiple cores of saturated sediments were retrieved from a single borehole. The median percent recovery of cores collected in saturated sediments was 81% of the drive length, which compares favorably with a median core recovery of 75% for the Murphy and Herkelrath (1996) freeze drive shoe coring system at the same field site. For each 1.2-m (4-ft) core section in which the DPFCB was used, between 10 and 20 min was added to the core collection time compared with using a standard core catcher on a direct-push rig. In our opinion, the ability to examine the biogeochemistry of cores with intact sediment, pore fluid, and microbial distributions outweighs the extra time required to collect the core. Also, the DPFCB required less time for sample collection compared with the Murphy and Herkelrath (1996) freezing drive shoe with a hollow stem rig. The device enables continuous core sampling from land surface into the upper portion of the saturated zone with a single direct-push rig. It can be used interchangeably with commercially available direct-push tool strings for sampling the unsaturated zone. The DPFCB enables core collection for detailed studies of fate, transport, and transformation of contaminants in unsaturated to saturated profiles.
